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Six new lanthanide complexes of two 44-membered macrocycles have been prepared and characterised in
solution. An analysis of the conformations of the free macrocycles and their lanthanide complexes both in
solution (2D NMR) and in solid state (X-ray crystallography) demonstrate that the complexation induces
changes in folding of the macrocycles.
Introduction
The coordination chemistry of lanthanide ions has recently
received increasing attention due to their potential applications
in medical imaging and sensing through their magnetic and
photophysical properties.1 Owing to their large diffuse orbitals
their coordination chemistry is characterised by high-coordi-
nation numbers and flexible coordination geometries.2,3
These features mean that the design of macrocyclic ligands
capable of forming stable lanthanide complexes has remained a
considerable challenge despite being a focus for more than 30
years.3,4 Macrocyclic ligands are attractive complexing agents
for lanthanides because of the many potential sizes, chelating
groups and design (including solubility) features that can be
incorporated into the ligand backbone.3–5
We have recently demonstrated that a series of large and
flexible [1 + 1] and [2 + 2] macrocycles containing acylhydra-
zone moieties can be efficiently synthesised using a dynamic
combinatorial chemistry6 approach.7,8 As pentadentate N3O2
acylhydrazone ligands9 have been shown to be good ligands for
lanthanide ions,10–12 we investigated the complexation of lantha-
nide ions with two 44-membered [2 + 2] acylhydrazone contain-
ing macrocycles, the N10O8 1 and the N8O10 2. Here we report
solution studies of the interaction of 1 and 2 with lanthanum(III),
europium(III) and dysprosium(III) along with the X-ray structures
of 1·2MeOH, [Eu(1)]2[Eu(1)(H2O)]·14H2O·9Cl and [La(2)
(Cl)]·2Cl·1.75MeOH·7.35H2O.
Experimental
Solvents were purchased from Romil (LC-MS grade CHCl3),
Fischer (HPLC grade MeOH) and Aldrich (TFA). Metal salts
were purchased from Sigma-Aldrich, Lancaster, Breckland and
Alpha Aesar. 1H and 13C NMR spectra were recorded on Bruker
DPX-400, DRX 500, AV 600 or Advance 500 TCI Cryo Spec-
trometers. All signals were referenced to the solvent residue
(3.31 ppm for MeOD). High-resolution (HR) electrospray ionis-
ation (ESI) mass spectra were recorded on a Waters LCT Premier
XE instrument. UV-Vis spectra were recorded in a 1 cm quartz
cuvette using a Lambda 14 spectrometer from Perkin Elmer at
22 °C, unless otherwise stated. The DCLs were analysed by
LCMS using an Agilent 1100 series HPLC coupled to an
Agilent XCT Ion-Trap.
†Electronic supplementary information (ESI) available: Further details
of the NMR, UV-Vis and HRMS studies. CCDC reference number
847405. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c2dt11861k
aUniversity Chemical Laboratory, University of Cambridge, Lensfield
Road, Cambridge CB2 1EW, UK. E-mail: jkms@cam.ac.uk;
Fax: +4 (0)1223 336 017
bOtto-Diels-Institut für Organische Chemie, Olshausenstr. 40,
D-24098 Kiel, Germany. E-mail: luening@oc.uni-kiel.de;
Fax: +49-431-880-1558; Tel: +49-431-880-2450
3780 | Dalton Trans., 2012, 41, 3780–3786 This journal is © The Royal Society of Chemistry 2012
Pu
bl
ish
ed
 o
n 
15
 F
eb
ru
ar
y 
20
12
. D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f Q
ue
en
sla
nd
 on
 12
/10
/20
15
 02
:19
:43
. 
View Article Online / Journal Homepage / Table of Contents for this issue
Solution complex studies
The macrocyclic ligands were synthesised from the correspond-
ing dialdehyde and dihydrazide precursors as previously
described.7,8 Their lanthanide complexes were prepared by dis-
solving 1 (1 mM in CHCl3–MeOH, 1 : 1) or 2 (in CHCl3–
MeOH, 7 : 3) and adding the appropriate lanthanide chloride via
a syringe (50 mM solution in MeOH). The changes upon com-
plexation were monitored by NMR (1H and NOESY), HRMS
and UV-Vis spectroscopy. No attempt was made to further purify
the complexes or isolate them in the solid state due to the small
quantities prepared. Crystals suitable for diffraction studies were
grown by slow evaporation from MeOH–H2O.
X-ray structures
Data were collected on a Nonius Kappa FR590 diffractometer
employing graphite-monochromated Mo Kα radiation generated
from a sealed tube (0.71073 Å) with ω and ψ scans at 180(2)
K.13 Data integration and reduction were undertaken with HKL
Denzo and Scalepack.14 Subsequent computations were carried
out using the WinGX-32 graphical user interface.15 Structures
were solved using SIR9216 or SUPERFLIP.17 Multi-scan empiri-
cal absorption corrections were applied to the data set using the
program SORTAV.18 Data were refined and extended with
SHELXL-97.19 In general, non-hydrogen atoms with occu-
pancies of greater than 0.5 were refined anisotropically, carbon-
bound and nitrogen-bound hydrogen atoms were included in
idealised positions and refined using a riding model. Oxygen
and bound hydrogen atoms were first located in the difference
Fourier map before refinement. Where these hydrogen atoms
could not be located, they were not modelled. Crystallographic
data and specific details pertaining to structural refinements are
summarised below.
1·2MeOH
Formula C60H56N12O12, M 1137.17, triclinic, space group P1ˉ
(#2), a = 7.7020(2), b = 13.2598(2), c = 14.3448(3) Å, α =
110.859(1), β = 100.572(1), γ = 92.073(1)°, V = 1337.50(5) Å3,
Dc = 1.412 g cm
−3, Z 1, crystal size: 0.28 by 0.23 by 0.12 mm,
colour: light brown, habit: block, temperature: 180(2) K, λ(Mo
Kα) 0.71073 Å, μ(Mo Kα) 0.101 mm
−1, T(SORTAV)min,max =
0.837, 0.901, 2θmax = 63.04°, hkl range: −11–11, −19–19,
−21–21, N = 26330, Nind = 8877 (Rmerge = 0.0312), Nobs = 6651
(I > 2σ(I)), Nvar = 384, residuals R1(F) = 0.0493, wR2(F
2) =
0.1344, GoF(all) = 1.020, Δρmin,max = −0.214, 0.335 e− Å−3.
[Eu(1)]2[Eu(1)(H2O)]·14H2O·9Cl
Formula C174H178Cl9Eu3N36O47, M 4300.45, triclinic, space
group P1ˉ (#2), a = 15.344(3), b = 22.768(5), c = 36.352(7) Å, α
= 79.55(3), β = 87.57(3), γ = 76.21(3)°, V = 12 129(4) Å3, Dc =
1.178 g cm−3, Z = 2, crystal size: 0.07 by 0.05 by 0.02 mm,
colour: yellow, habit: needle, temperature: 180(2) K, λ(Mo Kα)
0.71073 Å, μ(Mo Kα) 0.934 mm
−1, T(SORTAV)min,max = 0.938,
0.987, 2θmax = 34.46°, hkl range: −12–12, −18–18, −30–30, N
= 25 417, Nind = 13 368(Rmerge = 0.0815), Nobs = 4804(I >
2σ(I)), Nvar = 1046, residuals R1(F) = 0.0952, wR2(F
2) = 0.3149,
GoF(all) = 1.012, Δρmin,max = −0.771, 1.326 e− Å−3.
Specific refinement details. The crystals employed in this
study were extremely small and poorly diffracting with reflec-
tions observed to only 1.2 Å resolution. This is in part due to
considerable disorder present in the chloride anions and solvent
water molecules, each of which was modelled over numerous
positions. One of the methoxy methyl groups is also disordered
and modelled in two equal occupancy positions. None of the
water hydrogen atoms could be located and were not included in
the model. Because of the limitations of the data only the euro-
pium ions were modelled anisotropically with the remaining
atoms modelled isotropically. Despite the limitations with the
data the structure is more than sufficient to establish chemical
connectivity.
[La(2)(Cl)]·2Cl·1.75MeOH·7.35H2O
Formula C53.75H71.70Cl3LaN10O19.10, M 1408.77, monoclinic,
space group P21/c (#14), a = 16.9693(2), b = 19.9851(3), c =
20.0933(3) Å, β = 96.2340(6)°, V = 6774.01(16) Å3, Dc =
1.381 g cm−3, Z = 4, crystal size: 0.23 by 0.23 by 0.18 mm,
colour: colourless, habit: block, temperature: 180(2) K, λ(Mo
Kα) = 0.71073 Å, μ(Mo Kα) = 0.822 mm
−1, T(SORTAV)min,max
= 0.716, 0.839, 2θmax = 54.98°, hkl range −21–21, −25–25,
−26–25, N = 60 956, Nind = 15 097(Rmerge = 0.0503), Nobs =
12 368(I > 2σ(I)), Nvar = 845, residuals R1(F) = 0.0674, wR2(F
2)
= 0.1863, GoF(all) = 1.163, Δρmin,max = −0.990, 1.556 e− Å−3.
Specific refinement details. The solvent is disordered. The
methanol solvent molecules were modelled over three positions
with a total occupancy of 1.75 while the water molecules were
modelled over 15 positions (two full occupancy). The water
hydrogen atoms could not be located in the difference Fourier
map and were not modelled.
Results and discussion
Ligand structures
The [2 + 2] macrocycles 1 and 2 were synthesised by precipi-
tation as pure solids from dynamic combinatorial libraries of the
constituent dialdehyde and dihydrazide precursors as previously
reported.7,8 Both macrocycles are insoluble in water and CHCl3,
sparingly soluble in DMSO, MeOH and MeOH–H2O mixtures,
but are readily soluble in 50 : 50 (v : v) CHCl3 : MeOH mixtures.
Crystals of 1·2MeOH suitable for diffraction studies were grown
by the slow evaporation of MeOH–H2O (Fig. 1). The macro-
cycle crystallises about an inversion centre such that there is half
of a molecule in the asymmetric unit; it adopts an S-shaped
configuration with the two pyridyl-dihydrazide moieties in
planar arrangements, stacking above one another.
There is a separation of ∼3.4 Å between each of the acyl-
hydrazone planes suggesting the presence of π–π interactions
between layers.20 This planar arrangement is further stabilised by
the presence of both formal and informal hydrogen bonds. Each
of the hydrazide protons interacts with both ether and pyridyl
groups, while there is also a number of CHphenylene–Oether and
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3780–3786 | 3781
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CHphenylene–Oamide interactions. The methanol solvate molecules
also hydrogen bond to the amide oxygens. Adjacent molecules
in the lattice interact through similar weak π–π and informal
CHphenylene–Oether and CHphenylene–N hydrogen bonds resulting
in the formation of an infinite 3D lattice. The ligand’s confor-
mation contrasts with that observed in the structure of
1·1.5H2O·4CHCl3 where a highly-twisted chiral arrangement
was present.7
Part of the difference can be attributed to the conformation of
the pyridyl-hydrazone groups. In the previously reported
example, three of the four hydrazone groups were arranged in an
‘open’ conformation with respect to the pyridyl nitrogen such
that they were not preorganised for metal binding, a structure
consistent with 2D NMR solution investigations7 and the X-ray
structure of two related acyl-hydrazone ligands.11,21 In the
present structure, however, each acyl-hydrazone group is
arranged in an ‘open-closed’ conformation (which has pre-
viously been observed in non-macrocyclic acyl-hydrazone
ligands)22 resulting in the S-shape. The hydrogen bonds dis-
cussed above stabilise these conformations. The ‘open-closed’
arrangement observed in the X-ray structure of 1·2MeOH con-
trasts with the conformation of the structure observed in the solid
state of 2·MeOH in which there are three ‘open’ and one
‘closed’ hydrazone groups.8 Notably, while the X-ray structure
of 1·2MeOH displays a different conformation to that observed
in solution, the arrangements of 2·MeOH are the same as
observed by NMR and diffraction studies. This suggests that the
pyridiyl and ethylene glycol linking units in 1 and 2, respect-
ively, play a significant role in the conformation and hence preor-
ganisation of the macrocycles for metal binding. These
differences presumably arise through the different numbers of
possible degrees of freedom and hence the flexibility of the
linking units.
Metal complexes
The interaction of 1 and 2 with lanthanum(III), europium(III) and
dysprosium(III) were investigated in solution. Samples were pre-
pared by dissolving each of the ligands in mixtures of CDCl3–
MeOD (1 mM) and adding 1.0 eq. of the LnCl3 (Ln = La, Eu,
Dy) in MeOD (50 mM). HRMS (Fig. 2 and ESI†) showed the
singly, doubly and triply charged molecular ion peaks of the
complexes. Addition of excess lanthanide salts did not result in
the formation of additional peaks, suggesting that only 1 : 1 com-
plexes were formed. To further investigate the solution behaviour
and confirm 1 : 1 binding, UV-Vis titrations with 1–2 and three
different lanthanides (La3+, Eu3+ and Dy3+) were performed
(Fig. 3 and ESI†).
In each case the binding isotherms indicated 1 : 1 M : L ratios
with very strong binding. Fitting a published model23 for 1 : 1
binding indicated that binding constants were larger than 106
M−1 for all the complexes investigated (Fig. 3 and ESI†).
The solution behaviour of the La3+ complexes of 1 and 2 were
also investigated by NMR (Fig. 4 and ESI†). Comparison of the
spectra of the complexed and free macrocycles showed large
shifts for the imine protons (e) and the aromatic protons adjacent
to the amide group (h) suggesting an involvement of the hydra-
zone moiety in complexation. No further change was observed
in the spectra after the addition of excess lanthanide salt. The
NOESY spectra of the La3+ complexes (ESI†) showed cross-
peaks between the meta-pyridine protons c and the imine
protons e which were not present in the NOESY spectra of the
metal-free macrocycle 1.7,8 The NOESY spectra of metal-free 2,
however, showed a cross-peak between c and e suggesting that
the metal complexation induced significant conformational
changes in 1 whereas 2 appeared to be more preorganised.
Solid state structures
While each of the complexes described above for solution
studies were prepared in situ and on a scale too small for microa-
nalysis, in two cases slow evaporation of MeOH–H2O solutions
Fig. 1 (a) Top view and (b) side view of the X-ray structure of
1·2MeOH. Dashed lines indicate hydrogen bonds.
Fig. 2 (−)ESI-HRMS of [La(2)]3+ in MeOD–CDCl3 (1 : 1).
3782 | Dalton Trans., 2012, 41, 3780–3786 This journal is © The Royal Society of Chemistry 2012
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of EuCl3/1 and LaCl3/2 resulted in the formation of crystals suit-
able for X-ray studies.
The crystal structure of the Eu3+ complex shows three differ-
ent coordination environments in one single crystal: one in
which Eu3+ is 9 coordinate (Fig. 5a) and two where it is 10 coor-
dinate (Fig. 5b).
In the 9-coordinate complex the macrocycle folds such that
the two N3O2 ends are stacked. The Eu
3+ guest is found slightly
above (0.59 Å) the plane of the ‘lower’ N3O2 motif, similar to
the other crystal structure of Eu3+–N3O2-acyl hydrazone com-
plexes.11,12 The remaining coordination sites are occupied by a
carbonyl oxygen from the same molecule and three solvent mol-
ecules (H2O).
In the 10-coordinate Eu3+ complexes, the macrocycle twists
around the metal to form a decadentate, helical binding pocket
using both N3O2 binding motifs in the molecule (Fig. 5b).
The two macrocycles crystallise as stacked pairs within the
asymmetric unit with a Eu3+–Eu3+ distance of 6.48 Å. The two
complexes are very similar, both adopting the same helical form
(P-shown in Fig. 5b); while they are chemically identical,
they are crystallographically unique. Since the space group has
inversion symmetry the crystal contains a racemic mixture. The
two N3O2 binding motifs are arranged at ∼62° with respect to
each other, deviating from the orthogonality observed in non-
macrocyclic 2 : 1 complexes.12 This difference is probably due to
the steric constraints imposed by the macrocyclic backbone.
The solution studies discussed above suggested that upon
metal complexation 1 would undergo a significant confor-
mational change with, as expected, the acyl-hydrazone moieties
Fig. 3 UV-Vis spectra of 2 with different amounts of LaCl3 (top,
changes in the spectra are indicated by arrows) and resulting binding iso-
therm (below). Changes in the absorption at 320 nm (dots) were plotted
against guest concentration and fitted to a model for 1 : 1 binding (line).
Plotting other wavelengths (360, 340, 300 nm) produced similar results.
We attribute the lack of an isosbestic point at 280 nm to the excess of
metal salt. 1 : 1 binding is consistent with the HRMS and NMR studies.
Fig. 4 1H NMR spectra (500 MHz, 297 K, CDCl3–MeOD, 7 : 3) of 2 and its LaCl3 complex.
Fig. 5 (a) Schematic representation of the 9-coordinate complex in the
structure of [Eu(1)]2[Eu(1)(H2O)]·14H2O·9Cl and (b) of the 10-coordi-
nate complexes.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 3780–3786 | 3783
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reorientating from an ‘open’ to a ‘closed’ arrangement, allowing
the hydrazone, pyridine and amide carbonyl to coordinate to the
metal ion. Comparison of the nine-coordinate Eu3+ with the
structure of 1·2MeOH reveals some similarities in the overall
structure of the macrocycle (Fig. 6): the two coordinating planes
of the molecule are approximately the same distance apart as
they are in the free ligand, while the S-shape of the macrocycle
has not been retained. The most dramatic contrast is observed
when comparing the structure of the ten-coordinate complex
with the free ligand (Fig. 6). The helical complex, while having
a close match in shape with the coordinating moieties of the
flatter nine-coordinate species, otherwise does not have many
conformational similarities with the rest of the nine-coordinate
macrocycle or the free ligand. The conformation of the ten-coor-
dinate complex is very similar to the twisted chiral arrangement
observed in 1·1.5H2O·4CHCl3
7 (Fig. 6c) suggesting crystal
packing (including solvation) effects can have a significant effect
on the solid state conformation.
Crystals of [La(2)(Cl)]·2Cl·1.75MeOH·7.35H2O suitable for
diffraction studies were obtained by the slow evaporation
of a MeOH–H2O solution. The lanthanide centre is eleven
coordinate, chelated to both of the acyl-hydrazone moieties in
the macrocycle with the remaining site filled by a chloride anion,
yielding an overall N6O4Cl-coordination sphere (Fig. 7). The
two N3O2-binding groups are planar and arranged in a somewhat
similar manner to those in the ten-coordinate europium complex
Fig. 6 (a) Top and (b) side view of an overlay of the crystal structures
of [Eu(1)]2[Eu(1)(H2O)]·14H2O·9Cl and 1·2MeOH; blue free ligand, red
ten-coordinate complex, yellow nine-coordinate complex and (c) overlay
of the ten-coordinate complex of [Eu(1)]2[Eu(1)(H2O)]·14H2O·9Cl (red)
with the free ligand7 from 1·1.5·H2O·4CHCl3 (black).
Fig. 7 Schematic representation of the X-ray structure of [La(2)
(Cl)]·2Cl·1.75MeOH·7.35H2O.
Fig. 8 (a) Overlay of the crystal structures of [La(2)
(Cl)]·2Cl·1.75MeOH·7.35H2O (red) and 2·MeOH
8 (blue) and (b) the
same structures rotated approximately 90°.
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of 1 discussed above, such that the macrocycle is twisted around
the metal in a helical arrangement, with an angle of ∼75°
between the chelating planes. The crystal consists of a racemic
mixture of both the P and M helical forms. The twisted form of
the macrocycle is stabilised by intramolecular hydrogen bonds
between two of the amide protons and the ethylene–glycol
linking units. The two other amide protons are involved in inter-
molecular hydrogen bonds with both chloride anions and solvent
water molecules. Further hydrogen bonding between solvents
and anions leads to the formation of infinite 1D ribbon-like poly-
mers of complexes that extend parallel to the crystallographic
a-axis. Adjacent ribbons interact via offset face-to-face π–π
stacking between salicylaldehyde-phenyl rings resulting in a
two-dimensional sheet-like motif.
As was observed in the case of 1, 2 is also expected to have
undergone a significant conformational change upon binding the
metal ion despite the similarities in the 2D NOESY spectra. As
expected, all of the hydrazone moieties in the complex adopt a
‘closed’ arrangement although three were ‘open’ in the structure
of 2·MeOH.8 Once again, the twisted shape of the ligand back-
bone contrasts strongly with the far more planar arrangement
observed in 2·MeOH, resulting in little overlap between their
conformations (Fig. 8), indicating that regardless of the choice of
linker employed, a helical conformation is preferred in the solid
state. These arrangements represent a significant change in the
folding of the macrocycles compared to the methanol solvated
crystal structures of the free ligands.
The similarities between the complexes of 1 and 2 are more
extensive. As mentioned above, in both cases the macrocycles
wrap around the metal centres forming chiral helical arrange-
ments with the angle between the chelate planes deviating
significantly from orthogonality. While [La(2)(Cl)]2+ is eleven-
coordinate and [Eu(1)]3+ is ten-coordinate there is close simi-
larity between their structures (Fig. 9) with minor differences
accounted for by contrasting coordination number and flexibility
of linking groups.
Conclusions
Two 44-membered macrocycles and their complexes with La3+,
Eu3+ and Dy3+ have been prepared. The complexes were ana-
lysed in solution and two complexes have been characterised
crystallographically along with the structure of the free host
1·MeOH. Upon complexation the macrocycles undergo signifi-
cant changes in conformation as observed both in solution and
the solid state.
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